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Abstract

The use of a combination of monofluorescein adducts of spermidine (FL-SPD) and spermine (FL-SPM) with
confocal laser scanning microscopy (CLSM) provides a useful means for monitoring the fate and time-dependent
changes in the distribution of transported polyamines within living cells. Polyamine-fluorescein adducts were
synthesized from fluorescein isothiocyanate and the appropriate polyamine. Monofluorescein polyamine adducts
(ratio 1:1) were isolated using thin layer chromatography, and the structure and molecular weight of the monofluores-
cein polyamine adducts were confirmed using NMR and mass spectroscopy, respectively. The covalent linkage of the
fluorescent adduct moiety to SPD and SPM did not influence their rate of uptake by bovine pulmonary artery smooth
muscle cells (PASMC). Similar to *C-SPD and '*C-SPM, the rate of uptake of “C-FL-SPD and '*C-FL-SPM in
PASMC was temperature-dependent. Treatment for 24 h with difluoromethylornithine (DFMO), a selective blocker
of the enzyme ornithine decarboxylase and an inducer of the polyamine transport system, significantly increased the
cellular uptake of '*C-FL-SPD and '*C-FL-SPM compared to that of control cells. When compared to control cells,
treatment of PASMC with the pyrrolizidine alkaloid monocrotaline for 24 h also significantly increased the cellular
uptake of *C-FL-SPD and “C-FL-SPM. On the other hand, 24 h treatment of PASMC with a polymer of SPM, a
selective blocker of the polyamine transport system, or with free spermine, markedly reduced the cellular accumula-
tion of *C-FL-SPD and "“C-FL-SPM. After a 20-min treatment of PASMC with FL-SPD or FL-SPM, CLSM
revealed that adduct fluorescence was localized in the cytoplasm of living cells. Treatment with DFMO increased the
cytoplasmic accumulation of both FL-SPD and FL-SPM. In addition, the fluorescence observed in the cytoplasm of
chinese hamster ovary cells (CHO) was significantly higher than that detected in the cytoplasm of their polyamine
transport deficient variants (CHOMGBG). The results of this study provide the first evidence of the utility of a novel
method for visualizing the uptake, distribution, and cellular localization of transported polyamines in viable cultured
mammalian cells. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The polyamines putrescine (PUT), spermidine
(SPD) and spermine (SPM) are a ubiquitous
group of cationic molecules that play a central
intracellular role in cellular growth, differentiation
and neoplastic transformation [1-5]. Polyamines
are necessary for increasing and regulating DNA,
RNA and protein synthesis. Increases in intracel-
lular polyamine content are driven principally by
a coordinated interaction between de novo syn-
thesis and transmembrane transport pathways [1-
5]. De novo polyamine synthesis is governed in
part by the activity of the first enzyme, ornithine
decarboxylase (ODC), which catalyzes, in a rate-
limiting step, the conversion of the amino acid
ornithine to the diamine, PUT. PUT in turn is
converted sequentially to SPD and SPM by the
action of several other enzymes [1-4].

Along with de novo polyamine synthesis, cells
from a variety of tissues, including tumor cells,
transport polyamines across their membranes
through temperature- and energy-dependent up-
take processes [6—10]. Recently, we have shown
that both cultured bovine pulmonary artery
smooth muscle cells (PASMC) and rat aortic
smooth muscle cells express two transporters; i.e.
a ‘non-selective’ pathway which imports all three
polyamines, and a ‘selective’ pathway that im-
ports SPD and SPM only [9-11]. Similar studies
have shown that several cancer cell lines also
express a temperature-dependent polyamine trans-
port system [12,13].

It is currently well recognized that along with
the de novo polyamine biosynthetic pathway, the
influx of extracellular polyamines into mam-
malian cells also plays an important role in the
regulation of intracellular polyamine content
[6,9,10]. This observation is confirmed by studies
showing that the pharmacologic inhibition of cel-
lular polyamine biosynthesis using difluoromethy-
lornithine (DFMO), a specific enzyme-activated
irreversible inhibitor of ODC, exerts a cytostatic
rather than a cytotoxic effect [4,14]. DFMO’s lack

of a cytotoxic effect was attributed to the restora-
tion of cellular polyamine content through the
induction of a transmembrane polyamine trans-
port system [15—17]. In vitro studies consistently
show that DFMO causes large increases in
transmembrane polyamine uptake [4,9]. Evidence
provided from intact animal systems also suggests
that polyamine transport is an important compen-
satory mechanism and, more importantly, sug-
gests that interruption of polyamine uptake may
be a potential target for antineoplastic drug ther-
apy. Moreover, like the polyamine biosynthetic
pathway, the cellular uptake of polyamines in-
creases in response to treatment with stimuli pro-
moting cell growth or differentiation [6].

The induction of the polyamine transport sys-
tem has been shown to be essential for the devel-
opment of several diseases, including chronic
hypoxia-induced pulmonary hypertension and
neoplastic transformation. The transport of
polyamines is greater in tumor cells than in their
normal counterparts [6,14]. We have recently syn-
thesized a polymeric conjugate of spermine (poly-
SPM) which selectively blocks the polyamine
transport system in PASMC [11]. Our results have
also demonstrated that poly-SPM  blocks
polyamine transport, depletes cellular polyamine
content, and exerts cytotoxic effects in several
cultured human cancer cell lines and their multi-
ple drug resistant (MDR) variants [12,13]. Re-
cently, we have shown that upregulation of the
polyamine transport system, but not of ODC
expression, is responsible for the increase in hy-
poxic lung polyamine content and for the subse-
quent development of pulmonary hypertension
[9,18,19]. Our in vivo studies showed that chronic
hypoxic pulmonary hypertension is associated
with decreased lung ODC activity and increased
uptake of PUT from the vascular compartment
[18]. Similar to in vivo studies, PASMC cultured
under hypoxic conditions show a reduced ODC
activity and, more importantly, induction of both
the non-selective and selective polyamine trans-
porters [9]. In spite of these findings, which
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demonstrate the importance of the transported
polyamines in the development of these diseases,
only sparse information is available regarding the
uptake, disposition, binding sites and subcellular
localization of transported polyamines.

In this study, we describe a novel technique
which combines the use of monofluorescein ad-
ducts of spermidine (FL-SPD) and spermine (FL-
SPM) in conjunction with confocal Ilaser
microscopy for visualizing the cellular distribution
and localization of transported polyamines.

2. Materials and methods
2.1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM)
with 1000 mg 1~ ! d-glucose, L-glutamine, 25 mM
Hepes buffer, and 110 mg 1~! sodium pyruvate,
trypsin-EDTA, and penicillin/streptomycin solu-
tion were purchased from Gibco (Grand Island,
NY). Defined bovine calf serum (BCS) was sup-
plied by HyClone (Logan, UT). Radiochemicals
and related supplies were purchased from Amer-
sham (Arlington Heights, IL). All plasticware
used for tissue culture was obtained from Costar
(Cambridge, MA). Phosphate-buffered saline
(PBS), glutaraldehyde, fluorescein isothiocyanate
(FITC) and other drugs and chemicals used in
this study were purchased from Sigma (St. Louis,
MO). Thin layer chromatography silica gel (20 x
20 cm, 250 um, TLC) plates was purchased from
Fisher Scientific (Atlanta, GA). Deuterium oxide
(heavy water, D,O) and tetramethylsilane (TMS)
used in NMR spectroscopic studies were pur-
chased from Aldrich Chemical Company (St.
Louis, MO).

2.2. Pulmonary artery smooth muscle cell cultures

Bovine artery smooth muscle cells (PASMC)
were cultured as described previously [9,11]. In
brief, main pulmonary arteries were harvested
from freshly-slaughtered cattle (generously pro-
vided by Dawson’s Packing, Louisville, KY), im-
mersed in cold (4°C) Pucks F6 solution
supplemented with 300 U ml~"' penicillin and 0.3

mg ml~! streptomycin, and transported to the
laboratory. The arteries were opened longitudi-
nally and the endothelium gently scraped away.
Medial explants, approximately 2 mm?, were dis-
sected from the subintima and plated in culture
flasks containing DMEM supplemented with 10%
BCS, 100 U ml~! penicillin, and 0.1 mg ml—'
streptomycin. The PASMC were grown to conflu-
ence and propagated in culture. The culture
medium was changed every 3—-4 days. Cells were
harvested using a 0.05% solution of trypsin. All
experiments utilized cells from passages between 2
and 10. The smooth muscle phenotype of the cells
was confirmed by the presence of smooth muscle-
specific actin as evidenced by immunocytochemi-
cal analysis (data not shown). Cell counts were
determined by hemocytometry. Cell viability was
assessed routinely using trypan blue exclusion ac-
cording to standard techniques.

2.3. Preparation of the SPM conjugate

The reduced polymeric glutaraldehyde conju-
gate of SPM was prepared as previously described
[11-13]. Briefly, a solution (1 ml) of 1 mM SPM
hydrochloride in 0.2 M phosphate-buffered saline
(PBS) was added to 1 ml of 0.2 M PBS containing
glutaraldehyde (3%) at pH 7. The mixture was
incubated at 37°C for 1 h. NaBH, (10 mg) was
added to reduce the imine functionalities and the
reaction was left to stand at ambient temperature
for 30 min. The reaction mixture was then dia-
lyzed (lower molecular weight cutoff: 12.5-15
KDa) against 0.2 M PBS.

2.4. Preparation and isolation of the
monofiluoresceinated polyamine adducts

Fluoresceinated polyamines were prepared by
adding a solution (3 ml) of 0.1 mM of either SPD
HCI or SPM HCI solution in Na,HCO,/Na,CO,
buffer (pH 9-9.5) to 3 ml of 0.1 mM FITC
solution in Na,HCO;/Na,CO; buffer (pH 9-9.5).
After vortexing for 5 min, the mixture was incu-
bated overnight at 4°C. To isolate the
monofluoresceinated polyamine adduct, a portion
of the crude mixture (500 pl) was applied to a
TLC plate, and separation was carried out using
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ascending chromatography. The fluoresceinated
polyamine spots were eluted with a solvent system
consisting of 10 mM sodium phosphate buffer
(pH-7):acetone (80:20 v/v) [20]. Fluorescence in-
tensity of the eluted fractions was measured in an
Aminco-Bowman spectrofluorometer at 324520
nm. A standard curve representing a relationship
between concentration and fluorescent intensity of
FITC was generated using spectrophotometry. To
increase the yield of the monofluoresceinated
polyamines, the amount of the FITC and the
specific polyamine were increased proportionally
in the reaction mixture. '*C-Polyamines were used
in the synthesis of the monofluorescein '*C-
polyamine adducts. Several well-distinguished
separated bands were detected on TLC for FL-
SPD and FL-SPM, respectively. The percent yield
of polyamine in each separated band of fluores-
ceinated polyamine was measured by dividing the
measured radioactivity in each line by total ra-
dioactivity of '*C-SPD or SPM added to the
reaction mixture.

2.5. 'H-NMR spectroscopy, spectrofluorometry
and FAB-mass spectrometry

The ratio of the polyamine:FITC conjugation
was determined by using either nuclear magnetic
resonance spectroscopy (NMR) or by measuring
the ratio of fluorescence intensity to radioactivity.
NMR spectra of the monofluorescent polyamine
adducts were recorded using a 400-MHz Varian-
VH Model spectrometer (Varian Associates, Palo
Alto, CA). 'TH-NMR spectra of conjugates were
run in D,0 and were referenced to tetramethylsi-
lane as external standard. The fluorescence inten-
sity of each fluoresceinated polyamine sample was
measured by spectrofluorometry. Radioactivity in
the same sample was measured using liquid scin-
tillation spectrometry. The molecular weights of
FL-SPD and FL-SPM were determined using
mass spectrometry. Mass spectrometric determi-
nations were carried out on a Kratos MS50TA
mass spectrometer equipped with a fast atom
bombardment source. Spectra were acquired with
a Kratos Model 0590 computerized data system.
Glycerol was used as the sample supporting
matrix.

2.6. Confocal laser scanning microscopy

The subcellular distribution of fluorescent
polyamine conjugates in living PASMC was as-
sessed using confocal microscopy (Molecular Dy-
namics, Sunnyvale, CA) [21]. The system includes
a Sarastro 2000 Confocal Laser Scanning Micro-
scope (CLSM), a Nikon Diaphot inverted micro-
scope, argon laser, scanning unit, an electronics
cabinet, a Silicon Graphics computer, color moni-
tor and a Genesis optomagnetic mass storage
system. Installed software allowed for 3-D recon-
structions of optical sections (Volume Analysis
Information System; VANIS). This state-of-the-
art feature permits detection of fluorescent signals
at specified distances through the vertical dimen-
sion of the cell. The Sarastro system is equipped
with software that allows quantification of the
intensity of two fluorochromes in defined areas of
the specimens. Thus, it is possible to semiquantify
levels of intracellular polyamines in subcellular
compartments. FL-SPD or FL-SPM (1 uM) was
added to PASMC and cells were incubated for 20
min, either at 37 or 4°C. The culture media was
then aspirated, the cells were washed with serum
free DMEM twice, and examined under CLSM at
480 nm. PASMC were seeded at a density of
75000 cells well ! and cultured in DMEM sup-
plemented with 10% BCS for 24 h. PASMC were
rinsed with fresh, serum-free DMEM, and 1 ml of
serum-containing DMEM was then added. The
cells were then exposed to either DFMO (1 mM)
or monocrotaline (MCT; 2.5 mM) for 24 h. The
culture medium was aspirated and 1 ml of serum
containing media was added. Subsequently, the
appropriate '*C-polyamine or '“C-FL-polyamine
was added to each well at a concentration of 1
uM. After a 20-min incubation at either 37 or
4°C, the media was aspirated, replaced with fresh
media, and the fluorescence intensity inside the
cells was assessed using CLSM. The operating
conditions were as follows; objective, 60 x ; pin-
hole aperture, 50 puM; image size 1024 x 1024
pixels; pixel size 0.21 pm. Average pixel intensity
was measured within each cell in the field and
expressed in the relative units of DCF
fluorescence.
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2.7. Polyamine transport

Polyamine transport was assessed as previously
reported [11,12]. Briefly, PASMC were seeded at a
density of 75000 cells well=! and cultured in
DMEM supplemented with 10% BCS for 24 h.
PASMC were rinsed with fresh, serum-free
DMEM, after which 1 ml of serum-free DMEM
was added to each well and the cells were allowed
to acclimate for 1 h. Next, the appropriate “C-
polyamine or '“C-FL-polyamine was added to
each well at a concentration of 1 uM, and the cells
were incubated for 20 min. At the appropriate
time, media containing residual '*C-polyamines
was aspirated, cells were placed on ice, and rinsed
with ice cold PBS. The PASMC were then di-
gested for 1 h at room temperature in 1 N NaOH.
Before determination of cell-associated radioactiv-
ity, 400 ul of the cell digest was neutralized with
400 pl 1 N acetic acid. An additional 400 pl
distilled H,O and 2 ml scintillation cocktail were
added to the neutralized digests, and radioactivity
was determined using a Packard liquid scintilla-
tion counter. The specific component of
polyamine uptake was calculated by subtracting
the polyamine uptake rate values at 4°C from
those generated at 37°C at each polyamine con-
centration. Protein content was determined using
an adaptation of the method described by Brad-
ford [22]. The “C-polyamine content and uptake
rate was normalized in terms of cellular protein
content. To determine the effect of DFMO (1
mM) or MCT (2.5 mM) on the uptake of FL-
polyamine by PASMC, cells were incubated with
one of these agents for 24 h. Media was then
aspirated and the polyamine transport assay with
FL-polyamine adducts was conducted. For the
competition studies, the specific competitor (free
SPM or poly-SPM) was added to the culture
media 1 min prior to the conduction of the
polyamine transport assay.

2.8. Statistical analysis

Data are presented as the mean + S.E.M. The
significance of the differences between mean val-
ues was assessed using a one-way analysis of
variance combined with Neumann-Kuels test or

using an unpaired ¢-test, depending on the experi-
mental design. P values < 0.05 were considered to
denote statistical significance.

3. Results

3.1. Results of "H-NMR spectroscopy,
spectrofluorometry and FAB-mass spectrometry

Results of the Mass Spectrometry confirmed
the molecular weights of the monofluoresceine
polyamine adducts. The ratio of the
polyamine:FITC conjugation was determined us-
ing '"H-NMR Spectroscopy. The D,0O 'H-NMR
spectrum of FL-SPD showed resonances at o
7.82-5.86 (m, 10 H, aromatic protons); 3.00—2.10
(m, 6 H, 3 xCH,-N+); 1.92 (s, IH, CH) and
1.80-0.80 (m, 8 H, 3 x C-CH,-C, 1 x CH,—N-
C=S) ppm. The D,0 'H-spectrum of FL-SPM
showed resonances at 6 7.65-5.85 (m, 10 H,
aromatic protons); 2.95-2.00 (m, 10 H, 5 x CH,—
N+); 1.92 (s, 1 H, CH); and 1.78-0.80 (m, 10 H,
4 x C-CH,-C, 1 x CH,—~N-C=S) ppm.

3.2. Separation and isolation of
monofiluoresceinated polyamines

The chromophoric properties of fluoresceinated
polyamines render their detection on the TLC
plate an easy operation. Three and four distinct,
well-separated bands were detected on the TLC
for FL-SPD and FL-SPM, respectively. The col-
ored bands on TLC were scraped off with a razor
and each band was collected in a 15-ml centrifuge
tube. The silica gel matrix containing each band
was vortexed three times with 5 ml of deionized
water for 1 h each. The mixture was centrifuged
and the supernatant collected and concentrated
under evaporation with a stream of nitrogen gas.
In both FL-SPD and FL-SPM mixtures, the top
band (the fastest moving band, band 1) repre-
sented unreacted fluorescein isothiocyanate, as de-
termined by measuring '*C-SPD or C-SPM
radioactivity and fluorescence intensity in each
TLC band using liquid scintillation spectroscopy
and spectrofluorometry, respectively. The Rf val-
ues for the top band of both FL-SPD and FL-
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SPM were 0.9. The presence of polyamine in each
TLC band was also detected using ninhydrin
staining. The other two lower moving bands in
the FL-SPD mixture were presumed to be mono-
substituted and disubstituted FL-SPD. The ratio
of FL to SPD was 1+0.03 and 1.9+0.03 in
bands 2 and 3, respectively. The slowest moving
band (Rf=0.69, band 3) was a single colored
band almost at the origin of the TLC plate, which
did not react with ninhydrin. Band 2 was also a
single colored band (Rf'=0.8) and reacted with
ninhydrin, indicating the presence of a primary
amino group. In the FL-SPM mixture, the second
band (Rf'=0.79) was presumed to be the mono-
substituted SPM as the ratio of FL to SPM was
1 £0.05. The single colored band 2 also reacted
with ninhydrin indicating the presence of a pri-
mary amino group. The other two bands for
FL-SPM were presumed to be disubstituted and
trisubstituted FL-SPM. The ratios of FL to SPM
were 1.8 £0.03 and 2.7 +£0.04 in peaks 3 and 4,
respectively. Bands 3 and 4 also did not react with
ninhydrin and both showed single ultraviolet
spots at Rf values of 0.69 and 0.2, respectively. To
determine the stability of the isolated
monofluorescent polyamine adducts, a sample of
either monofluorescent SPD or SPM (ratio 1:1)
was run on TLC every 3 days for 2 weeks after
isolation. Our results demonstrated that the
monofluorescent polyamine adducts were stable
and showed a single colored band on silica gel
TLC plates for at least 2 weeks after their
synthesis.

3.3. ¥C-FL-SPD and SPM transport as
compared to "*C-polyamine

As shown in Table 1, the addition of a fluores-
cent moiety did not affect the transport of the
resulting conjugated polyamine in PASMC. The
rate of uptake of “C-FL-SPD or *C-FL-SPM
was not significantly different from that of non-
fluorescent "C-SPD or '"C-SPM, respectively.
Similar to "“C-SPD and *C-SPM [9], the uptake
of FL-SPD and FL-SPM were temperature-de-
pendent. At 4°C the uptake of FL-SPD or FL-
SPM was significantly lower than that observed at
37°C (Table 2, Figs. 1 and 2). Trypan blue exclu-

Table 1

The rate of uptake of '“C-polyamine and '*C-monofluores-
cein-polyamine adducts ('*C-FL-polyamine) in cultured
bovine pulmonary smooth muscle cells (PASMC)

Polyamine® Polyamine uptake rate pmol

1

min~! mg~! protein®
14C-spermidine 7.54+0.22
14C-FL-spermidine 7.2+ 0.30
14C-spermine 4.57 +0.60
14C-FL-spermine 4.4 +0.20

4 Mean + S.E.M. of eight experiments.
® PASMC were incubated with either '*C-polyamine (1 uM) or
14C-FL-polyamine adducts (1 uM) for 20 min at 37°C.

sion studies showed that the incubation of these
FL-polyamines with PASMC for 1 h at concen-
trations from 0.1 to 10 uM did not influence cell
viability.

3.4. Effect of DFMO and MCT on *C-FL-SPD
and SPM uptake in PASMC

We have previously shown that the treatment
of cultured smooth muscle cells with DFMO (1
mM) for 24 h significantly increased the rate of
uptake of *C-polyamines as compared to those
determined in control cells [4—10,13,26]. Similarly,
treatment of PASMC with 1 mM DFMO for 24 h
upregulated the rate of *C-FL-SPD and *C-FL-
SPM uptake by several-fold compared to that

Table 2

The effect of temperature on the rate of uptake of '“C-
monofluorescein-polyamine adducts ("*C-FL-polyamine) in
cultured bovine pulmonary smooth muscle cells (PASMC)

1 1

Temperature Polyamine uptake rate pmol min~' mg~—
(°C)® protein®
14C-FL-spermidine 14C-FL-spermine
37 7.9+ 0.4 540.6*
4 09+0.2 1+0.2

4 Mean + S.E.M. of five experiments.

® PASMC were incubated with either '*C-polyamine (1 uM) or
14C-FL-polyamine adducts (1 uM) for 20 min at 37 and 4°C.
*P<0.05 37°C vs. 4°C.
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A

Fig. 1. Photomicographs from confocal scanning microscopy visualizing fluorescence intensity as DCF fluorescence emission. (A)
PASMC incubated with FL-spermidine (1 pM) at 37°C for 20 min; (B) PASMC incubated with FL-spermidine (1 pM) at 4°C for
20 min; (C) PASMC incubated with FL-spermine (1 pM) at 37°C for 20 min; (D) PASMC incubated with FL-spermine (1 pM) at
4°C for 20 min. Blue color on the pseudocolor scale reflects the fluorescent intensity.

determined in control cells (Table 3 and Fig. 3).
As shown in Table 3, the exposure of cultured
pulmonary vascular cells to MCT (2.5 mM) for 24
h also increased the rate of uptake of *C-FL-SPD
and '*C-FL-SPD when compared to that deter-
mined in controls untreated. These results are in
agreement with those previously generated with
cultured pulmonary vascular cells [26].

3.5. Competition studies

The effect of the presence of increasing concen-
trations of free SPM in the media on cellular
uptake of “C-FL-SPD and “C-SPM was exam-
ined. As shown in Table 4, unlabeled SPM in a
dose-dependent manner blocked the rate of up-
take of both "C-FL-SPD and "“C-FL-SPM. In
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2 Control
B Cold Temperature

DCF Fluorescence
(average pixel intensity)

2

FL-SPM

FL-SPD

Fig. 2. Effect of temperature on DCF fluorescence of FL-
polyamines reflected as average pixel intensity in bovine pul-
monary artery smooth muscle cells (PASMC). Each column
represents mean + standard error of nine observations.
*Significantly (P < 0.05) different from PASMC incubated at
37°C.

addition, the effect of pretreatment with FL-SPD
or FL-SPM on the uptake of “C-SPD or !4C-
SPM was also determined (Table 5). As expected,
FL-SPD (50 uM) reduced the uptake of '*C-SPD
by 15-fold. FL-SPM was also effective and de-
creased the uptake of *C-SPM by approximately
3-fold.

Table 3

Effect of pretreatment with DFMO or monocrotaline (MCT)
on the rate of uptake of '“C-monofluorescein-polyamine ad-
ducts ('*C-FL-polyamine) in cultured bovine pulmonary
smooth muscle cells (PASMC)

Group® Polyamine uptake rate pmol min—! mg~!
protein®
Control DFMO (1 MCT (2.5
uM) mM)
14C-FL-sper- 7+0.3 84.7 +7.6% 28 +0.73*
midine
4C-FL-sper- 4.9+1 38.2 4+ 1.6* 9.81 4 1*
mine

2 Mean + S.E.M. of six experiments. Cells were treated with
either DFMO (1 mM) or MCT (2.5 mM).

® PASMC were incubated with '*C-FL-polyamine adducts (1
uM) for 20 min.

*P<0.05 control vs. treatment.

A FL-SPD .
40 B FL-SPM

"////

301

201

DCF Fluorescence
{(average pixel intensity)

DFMO

Control

Fig. 3. Effect of difluoromethylornithine (DFMO) on DCF
fluorescence of FL-polyamines reflected as average pixel inten-
sity in bovine pulmonary artery smooth muscle -cells
(PASMC). Each column represents mean + standard error of
nine observations. *Significantly (P < 0.05) different from con-
trol PASMC.

3.6. Influence of poly-SPM on "*C-FL-SPD and
SPM uptake

The effect of treating cells with the selective
inhibitor of the polyamine transport system, poly-
SPM, on '“C-FL-SPD or '“C-FL-SPM uptake
was also examined. Our previous studies showed
that the addition of poly-SPM (20 uM) to
PASMC selectively blocked the transport of the
three polyamines, PUT, SPD and SPM [11]. Simi-
larly, treatment with poly-SPM (20 pM) blocked
the rate of uptake of both *C-FL-SPD and '*C-
FL-SPM by 18- and 11-fold, respectively (Table
4).

3.7. Confocal laser scanning microscopy to
visualize intracellular localization of transported
polyamines

The subcellular distribution of fluorescent
polyamine conjugates in living PASMC was as-
sessed using confocal microscopy. Fig. 1 shows
representative  photomicrographs  visualizing
fluorescence in cells exposed to either FL-SPD or
FL-SPM (1 uM). A blue color on the pseudocolor
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Table 4

The impact of poly-SPM and increasing concentrations of
unlabeled spermine (SPM) on '*C-monofluorescein-polyamine
adducts ("*C-FL-polyamines) uptake rate in cultured bovine
pulmonary artery smooth muscle cells

Treatment® Polyamine uptake rate pmol min—! mg~!
protein®
14C-FL-spermidine® 14C-FL-spermine®
Control 7.6+0.3 4.740.1
+SPM
20 pM 4.1+0.2% 1.36 + 0.04*
50 uM 1+0.001* 0.77 + 0.074*
100 pM 0.17 £+ 0.003* 0.37 +0.074*
+ Poly-SPM
20 pM 0.42 £+ 0.0004* 0.4 +0.001*

2 Mean + S.E.M. of six experiments.

® PASMC were incubated with '*C-FL-polyamine adducts (1
uM) for 20 min at 37°C.

¢ Poly-SPM or free SPM was added to PASMC 1 min before
the conduction of the polyamine transport assay.

*P <0.05 control vs. treatment.

scale reflects the fluorescence intensity. These pho-
tographs provide visual proof for the cellular
localization of the fluorescence intensity after 20
min treatment with either FL-SPD or FL-SPM. It
is clear from these photographs that, 20 min after
treatment with either FL-SPD or FL-SPM, the

Table 5

The impact of monofluorescein-spermidine adducts (FL-sper-
midine) on the '*C-polyamine uptake rate in cultured bovine
pulmonary artery smooth muscle cells

Treatment® Polyamine uptake rate pmol min~!
mg~! protein®
14C-spermidine 14C-spermine
Control 7.64+0.3 484+0.2
FL-spermine (50 — 1.6 +0.01
uM)®
FL-spermidine (50 0.51 +0.9 —
uM)®

2 Mean + S.E.M. of six experiments.

> PASMC were incubated with '“C-polyamine (1 pM) for 20
min.

¢ FL-spermidine or FL-spermine was added to PASMC 1 min
before the conduction of the polyamine transport assay.

highest fluorescence intensity is localized in the
cytoplasm of the cells (Fig. 1). In addition, the
cellular accumulation of either FL-SPD or FL-
SPM is higher in PASMC incubated at 37°C than
in cells incubated at 4°C (Figs. 1 and 2). Using
confocal microscopy we were able to quantify the
fluorescence intensity in the subcellular compart-
ments. Fig. 3 shows DCF fluorescence as average
pixel intensity. Relative to control cells, treatment
with DFMO (1 mM) for 24 h significantly in-
creased the fluorescence intensity of both FL-SPD
and FL-SPM in the cytoplasm of the cells.

3.8. Cellular accumulation of FL-polyamines in
chinese hamster ovary (CHO) and CHOMGBG
cell lines

To further examine the selectivity of FL-
polyamines for the polyamine transport system,
CSLM was used to determine the subcellular dis-
tribution of these conjugated polyamines in living
CHO cells and in their polyamine transport sys-
tem deficient mutants, CHOMGBG cells. Fig. 4
shows representative photomicrographs visualiz-
ing fluorescence intensity in CHO and
CHOMGRBG cells exposed to either FL-SPD or
FL-SPM (1 pM). Similar to the study conducted
in PASMC, there is a high fluorescent intensity
localized in the cytoplasm of CHO cells, but not
in CHOMGBG cells. Fig. 5 shows DCF fluores-
cence as average pixel intensity for all treatment
groups. The fluorescence intensity in the cyto-
plasm of the CHO cells was significantly higher
than that detected in the cytoplasm of the
polyamine transport system deficient mutant
CHOMGBG cells.

4. Discussion

The results of this study provide the first insight
into the successful use of monofluorescent
polyamines in conjugation with confocal scanning
microscopy (CLSM) to visualize the cellular local-
ization, distribution and movement of these natu-
ral substrates inside living mammalian cells. The
results of this study demonstrated that the
monofluorescent polyamines, FL-SPD and FL-
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A B
C D

Fig. 4. Photomicographs from confocal scanning microscopy visualizing fluorescence intensity as DCF fluorescence emission. (A):
chinese hamster cells (CHO) incubated with FL-spermidine (1 pM) at 37°C for 20 min; (B): polyamine transport system deficient
cells (CHOMGBG) incubated with FL-spermidine (1 pM) at 37°C for 20 min; (C): CHO incubated with FL-spermine (1 pM) at
37°C for 20 min; (D): polyamine transport system deficient cells (CHOMGBG) incubated with FL-spermine (1 uM) at 37°C for 20
min. Blue color on the pseudocolor scale reflects the fluorescent intensity.

SPM, are biologically equivalent to their respec-
tive non-labeled polyamines in terms of their non-
toxicity to smooth muscle cells and their
competition  for  specific  transmembrane
polyamine transport systems. CLSM revealed that
after a 20-min treatment with either FL-SPD or

FL-SPM, the fluorescent intensity was localized in
the cytoplasm of PASMC.

Our initial studies demonstrated that FL-SPD
and FL-SPM conjugates were stable for at least 2
weeks after their synthesis. By using NMR spec-
troscopy, and determining the ratio of FITC
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fluorescence intensity to *C-polyamine radioac-
tivity, we were able to identify and isolate the
monofluorescent polyamines (ratio 1:1). Positive
ninhydrin staining indicated the presence of a
primary amine in these monofluorescent
polyamine adducts. Mass spectroscopic analysis
further confirmed the identity of isolated
monofluorescent polyamines. As determined by
the trypan blue exclusion technique, the viability
of PASMC treated for 1 h with these FL-
polyamines at concentrations ranging from 0.1 to
10 uM did not differ significantly from that of
untreated controls.

We next examined whether or not the FL-SPD
or FL-SPM used in CLSM analyses were biologi-
cally equivalent to their respective non-labeled
polyamines in terms of competition for specific
transmembrane polyamine transport systems.
Given the important function of the amino moi-
eties in the polyamine structure with respect to
their biological activity, linking a fluorescent
molecule of modest size to a primary amine moi-
ety on the polyamine might markedly perturb
their normal biological activity. The results of our
studies clearly demonstrate that monofluores-
ceinated polyamine adducts are equivalent to un-
labeled polyamines in terms of their transport by

100 4
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Fig. 5. DCF fluorescence of FL-polyamines reflected as aver-
age pixel intensity in chinese hamster cells (CHO), and their
polyamine transport system deficient cells, CHOMGBG. Each
column represents mean + standard error of nine observations.
*Significantly (P < 0.05) different from CHO cells.

the polyamine transport system. The competition
study showed that unlabeled polyamine blocked
the uptake of FL-SPD and FL-SPM in a dose-de-
pendent manner. Analogously, the FL-polyamines
were also effective in blocking the uptake of non-
labeled '*C-polyamine. These results indicate spe-
cificity of the FL-polyamines for the polyamine
transport system.

We have used several other approaches to fur-
ther examine the specificity of the FL-polyamines
for the polyamine transport system. It has been
demonstrated that in many mammalian cultured
cells, the inhibition of endogenous polyamine syn-
thesis using the selective blocker of ODC, difl-
uoromethyl ornithine (DFMO), leads to a
several-fold upregulation in the activity of the
polyamine transport system [4,9]. We have found
that a 24-h pretreatment of cells with DFMO
caused significant increases in both PUT and SPD
transport rates in several cancer cell lines and in
other mammalian cells, including aortic smooth
muscle cells [9-13]. In this study we have shown
that treatment of cells with DFMO for 24 h also
increased the uptake of FL-SPD and FL-SPM by
several-fold.

It has been shown that the remodeling of the
pulmonary vasculature induced by the alkaloid
monocrotaline (MCT) is dependent on increases
in lung polyamine content, which is partially me-
diated by upregulation of ODC activity [23,24].
Treatment with DFMO and the depletion of cel-
lular polyamines significantly abolished MCT-in-
duced pulmonary hypertension. In cultured
pulmonary vascular cells, MCT markedly in-
creased “C-SPD import in a dose-dependent fash-
ion [25]. In this study, we examined the effect of
treating PASMC with MCT (2.5 mM) on the rate
of uptake of "*C-FL-SPD and "“C-FL-SPM. As
was demonstrated in our studies with unlabeled
polyamines, treatment of cells with MCT for 24 h
also significantly increased the uptake of both
“C-FL-SPD and "“C-FL-SPM.

Recently, we have utilized a novel polyamine
homopolymer, poly-SPM [11-13], to test the hy-
pothesis that polyamine transport is a rational
pharmacologic target in cancer therapy. Our re-
sults have demonstrated that poly-SPM is a spe-
cific blocker of the polyamine transport system in
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mammalian cells. Further, co-treatment with
DFMO markedly enhanced both the depletion of
intracellular polyamine content and the cytotoxic
effect induced by poly-SPM in Dx-5 MES-SA and
their MDR positive human uterine sarcoma cells.
To further examine the specificity of monofluores-
cent polyamine adducts for the polyamine trans-
port system, the effect of pretreatment with
poly-SPM (20 uM) on the uptake of FL-
polyamines by PASMC was examined. The pres-
ence of poly-SPM significantly reduced the
cellular accumulation of these FL-polyamine con-
jugates inside PASMC. These results indicate that
the fluorescent polyamines are biologically equiv-
alent to the native molecules, at least at the level
of the transmembrane transport system.

In this study, we also examined the utility of
CLSM analysis of fluorescein-labeled polyamines
to localize polyamine binding sites within pul-
monary artery smooth muscle cells. CLSM
showed that after a 20-min treatment with either
FL-SPM or FL-SPD, the fluorescence intensity
was localized in the cytoplasm of the PASMC.
There were clear cytoplasmic islands (of unconfi-
rmed identity) which we suspect are mitochon-
dria. We and others [1-4,9—-17] have shown that
the polyamine transport system in many mam-
malian cells is both energy- and temperature-de-
pendent. Our studies demonstrated that the
intracellular localization of FL-SPD or FL-SPM
conjugates was abolished when cells were exposed
to these conjugates at 4°C, a temperature at which
the polyamine transport system is inoperative.
These results further confirm the notion that the
addition of a single fluorescent moiety does not
significantly influence the rate of uptake of
polyamines by PASMC. Further studies are in
progress in our laboratory to examine the time-
dependent distribution of FL-polyamines in living
PASMC.

We also examined the distribution of FL-SPD
and FL-SPM in both wild-type CHO cells and
their polyamine transport deficient variants,
CHOMGRBG cells. As previously reported [26,27],
parental CHO cells, but not CHOMGBG cells,
express a temperature-dependent “C-SPD uptake
system. As was seen in PASMC, the fluorescence
intensity was localized in the cytoplasm of FL-

polyamine-treated CHO cells. In addition, we
found that the fluorescence intensity of both FL-
SPD and FL-SPM was several-fold higher in the
cytoplasm of CHO cells as compared to that
detected in the cytoplasm of CHOMGBG cells,
thus confirming the selectivity of FL-SPD and
FL-SPM for the polyamine transporter.

This novel FL-polyamine/CLSM technique is
useful for examining the cellular localization and
distribution of polyamines. It may also be useful
for the analysis of time-dependent changes in
cellular polyamine distribution, particularly if
they occur very rapidly. In addition, our tech-
nique might be employed for assaying changes in
intracellular polyamine compartmentation de-
pending upon the proliferative and phenotypic
state of the cell.

Unlike polyamine metabolism and transport,
where traditional biochemical, molecular and cel-
lular approaches have generated substantial quan-
titative information, there is currently no method
for tracking potential shifts in polyamines be-
tween intracellular compartments and quantifying
such changes in terms of time and the functional
state of the cell. Neither binding studies nor au-
toradiography are particularly well-suited for
analysis of time-dependent changes in polyamine
distribution, especially if they occur over a rapid
time frame. Binding studies, though quantitative,
are subject to artifacts caused by redistribution or
leakage of the radiolabel that may occur during
the cellular fractionation procedure. Autoradiog-
raphy, while localizing the radiolabel, is not reli-
able quantitatively. Largely because of these
shortcomings, the fundamental question of
whether regulated polyamine compartmentation is
a determinant of the functional state of the cell
has remained unresolved. Therefore, one future
application for our novel technique is to examine
the time-dependent distribution of transported
polyamines and to detect their ultimate cellular
storage and binding sites.

Another future application of this methodology
will be to provide an unprecedented opportunity
to determine whether changes in intracellular
polyamine compartmentation are regulated to af-
fect the proliferative and phenotypic state of the
cell. More specifically, to test whether the translo-
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cation of fluorescent polyamines between specific
intracellular compartments is engendered by stim-
uli promoting cellular proliferation or differentia-
tion. The kinetics and mechanisms of alterations
in intracellular polyamine compartmentalization
will, for the first time, also be amenable to study.

In addition to the coupling of polyamines to a
flourescein moiety, these natural substrates might
also be linked to other fluorochromes, such as
Texas red or dansyl chloride. Accordingly, in this
study, a previously reported technique was used
to prepare monodansylated SPD [9-13].
Polyamines are routinely derivatized with dansyl
chloride to permit fluorescent detection after
HPLC separation, which allows the subsequent
quantification of cellular polyamine levels. There-
fore, if labeling with dansyl chloride affords suffi-
cient fluorescent intensity to permit microscopic
localization, then it may be possible to perform
complementary studies to both localize the
polyamines and to assess their metabolism using
the same population of cells. This will provide for
an expeditious, two-step method for the compli-
mentary determination of polyamine localization
and metabolism. Our preliminary results (data not
shown) suggest that dansylated polyamines are
not as stable as FL-SPD, and decompose very
rapidly. In addition, dansyl chloride failed to af-
ford sufficient fluorescent intensity to be detected
by CLSM or to permit microscopic localization of
transported polyamines. Studies are in progress in
our laboratory to develop a new analytical assay
to quantify the cellular polyamine levels after
their derivatization with fluorescein isothio-
cyanate. The combination of this assay method
for polyamine detection with CLSM will provide
a two-step method for the determination of the
time-dependent distribution and metabolism of
transported polyamines by biosynthetic enzymes.

5. Conclusion

In summary, the results of this study describe a
novel method for visualizing the time-dependent
intracellular distribution and organelle localiza-
tion of polyamines in living cultured mammalian
cells. Our results indicate that the fluorescein-la-

beled SPM and SPD molecules are taken up by
cultured pulmonary artery smooth muscle cells in
a manner analogous to unlabeled polyamines, and
that confocal microscopy is useful for detecting
the attached fluorescent label within specific struc-
tures of living PASMC. This precise analytical
method will provide an unprecedented opportu-
nity to determine whether changes in intracellular
polyamine compartmentation are regulated to af-
fect the proliferative and phenotypic state of the
cell. Further, the kinetics and mechanisms of al-
teration in intracellular polyamine compartmenta-
tion will, for the first time, be amenable to study.
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